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ABSTRACT

Optical communications offer high data rate satellite to ground communications in a small, low mass, and
low power consumption package. However, hrrbulcncc-induced scintillation dcgmdcs the link performance
as the zenith angle incrcascs.  To iuvcsligate  the effect of atmospheric tuIbulcncc  on the optical link at high
zenith angles, wc perfonncd a 570 Mbps optical communications link across a 42 km horizontal path, and
have rncasurcd  the effects of aperture averaging on the irradiancc  variance. The variance clearly showed a
dcpcndcncc  on the aperture sire, decreasing with increasing aperture siz.c. ‘1’hcsc results were used to
calculate the log-amplitude variance and the atmospheric structure constant, Cn2,across the link. The bit
error rates across the link were also measured. The results show that the link performance was dominated
by burst errors with error rates that ranged from 10-6 to 10-2, increasing with decreasing aperture size.

1. 1NTRODUCTION

NASA’s ncw Earth sensing satellites will require high rate co]nmunications  to get their data down to the ground.
Although rf communications is currently the baseline technology, optical communication is being considered a viable means
of supplementing rf capabilities to meet the communications demand as industrial competitors vic for frequency allocations
to support the expanding high resolution imagery, direct satellite broadcast, and global cellular communications markets.
The demand is ficrcc and is cxpectcd to increase with public demand for ever increasing co~~~lllt]tlicatio]ls  scrviccs.

Unlike rf communications, optical communication has no bandwidth allocation challcngcs;  narrow line tunable
lasers and atomic Iinc filters of today’s technology put such considerations far into the fukrrc. Propagation through the
atmosphere is the challcngc  to optical communications, with cloud cover and beam scintillation the major causes of signal
degradation. Site divcrsily,  an approach in which rcccivcrs  in the network arc situated in uncorrclatcd  weather CCIIS, mitigates
the impact of cloud cover, and large aperture reccivcrs  can bc used to rcducc the cffecls  of turbulence-induced scintillation.
However, large rcccivcrs  not only cost more but may bc undesirable in certain applications such as on aircraft or unmanned
airborne vchiclcs  where size is an important consideration. A knowledge of the reduction in scintillation with increasing
aperture is an important consideration in the design of these types of optical links.

Wc have measured lhc effects of aperture averaging on a 570 Mbps 42 km-long horizontal-path optical
communications link bctwccn Strawbcny Peak (height 1.85 km) and Table Mountain (height 2.2 km), two mountains in the
Southern California San Bcrnadino and San Gabriel mountain chains, rcspcctivcly. The results arc presented in this paper.
The cxpcrimcnt and hardware arc dcscribcd in Section 2 and lIIC data and analysis in Section 3. Mcasurcmcnts  were made at
three intervals bcgirming at 12:00, 4:00 A.M. and 6:00 A.M. using apertures ranging from 4 cm to 29 cm. During the
midnight run there were low clouds in the sky and wc measured a lo~,-arnplitudc  variance of 0.28. At 4:00  A.M. it was
cold, windy and clear and wc measured a log-amplitude variance of 0.37. Mcasurcmcnts  at 6:00  A.M. were made through
thin haiic and the measured Iog-amplitude variance was 0.27. Log-an lplitudc  variances in this range arc almost into the
saturation region but arc still in the region of validity of the Rytov  approximation to the wave equation. ~] 2 Wc have
analyxcd our data assuming the Rytov approximation and a Kolmogorov  turbulence spectrum in the inertial subrangc.3

Mcasurcmcnls  of the aperture averaging faclor  were consistent over the cxpcrimcnt  durat ion and showed the cxpcctcd
dccrcasc in variance with increasing aperture. The calculated refractive index structure constant, Cn

2, ranged from 7x10-17 to
9X10- ] 7 over the duration of the cxperimcn(;  and is in reasonable agi ccmcnt  with theoretical predictions of Cn2 at these



elevations. 4 The bit error rates (BER) measured at midnight for the various aperture settings arc also given in Scclion 3.
Mcasurcmcnls  were made at onc second inlcrvals  over a tcn to fifteen-second period, and the average BERs and standard
deviations were dctcrmincd  for the inlcrval.  The data showed a distinct reduction in BER as the aperture size was increased,
with a BER of approximately 2x10-6 measured for the 28.7 cm aperture. Conclusions arc given in Section 4, and the
contributions and support of persons, not listed among the authors, but who ncvcrthclcss  were instnrmcntal  in the succcss  of
this cxpcrirncnt arc acknowledged in Section 5.

2. EXPERIMENrr DESCRl PTION

Laser transmission was from Strawberry Peak with reception at Table Mountai n, 42 kilometers away. Experiments
were performed at three intervals bclwccn  midnight and 6:00 A.M. Two sets of scintilla{ ion data (10,000 data points taken al
a sampling interval of 0.2 seconds) were rccordcd for each aperture setting in each cxpcrimcntal  run. Bit error rate
mcasurcmcnts  were taken at one-second intervals for 10 to 15 seconds.

The laser transmi(tcr  was a Spectra Diode Labs (SDI,) 5421-G 1 single mode 150 mW semiconductor laser diode
cmi[ting at 811 nm, and mounlcd in a Rodcnstock  “Light Pen”, A four-clcmcnt lens set in lhc Light  Pcn rcduccd the beam
divcrgcncc  to 250 microradians, and a Rodcnstock  afocal  cylindrical-lens-set circulari~.cd  the beam to 7 mm dian~ctcr. To
ensure adequate SNR al the rcccivcr  for the smaller rcccivcr  aperture sctt i rigs, a tclcscopc  was used to further rcducc the laser
beam divcrgcncc to approximately 80 microradians.  The overall loss in tlLc transmitter optical train was 5 dB with 47 mW of
optical power propagated to the rcceivcr.

The laser diode drive electronics consisted of a DC bias current combined with an AC modulation that gcncratcd  a
repeat ing bit pat Icrn at S70. 1 Mbit/sec. The amplified AC signal provided 100 mA peak-to-peak current swing above a 75
ma bias voltage. The current to the laser varied from about 25 mA (“O” or “lowJ” bit) to 125 mA (“ 1” or “high” bit), and a
Broadband Communications Products Model 100 sequcncc generator was used to gcncratc the pseudo-noise (PN) modulation
Scqucncc.

The rccciving tclcscopc  was a 0.6-m astronomical tclcscopc that stands approximately 8 meters above the ground.
Looking towards the transmi(tcr  the terrain is relatively flat for about 70 meters af[cr which it falls rapidly 10 the valley
below. The tclcscopc  was operated in the coudc mode. This allowed the cffcctivc rccciving  aperture to bc ad.justcd  by
varying the sim of the aperture positioned in front of the focusing lenses L 1 and L2. Sec figure 1. The loss in the rccciver
opt ical train was 9 dB; 7 dB from the tclcscopc’s  central obscuration, and 2 dB from the five mirrors in the coudc path. Wc
measured 500 nanowatts  of optical power at t hc coudc focus for the fully opened tclcscopc  aperture. This corresponded to an
overall link loss of 55 dB, of which 22 dB was duc to free space IOSSCS  and 33 dB was duc to atmospheric attenuation.

lrradiancc  fades were measured using a low bandwidth United Detector Tcchnologics  (UDT) Model 10-D pin diode.
A bcamsplittcr  (BS) positioned bctwccn the lens-pair and the UDT detector rcflcctcd  40!%. of the beam to the APD, and
allowed simuliancous  mcasurcmcnt  of the signal fades and the link bit error rate. Figure 2 shows the superposition of the
APD and pin diode t races as displayed on the Tektronix DSA 602A oscil  Ioscopc. Tlw at mosphcric scintillation, upper trace,
is seen to track the high speed data stream dctcctcd by the APD.

A modified EG&G C30998-CD2036 APD (SLiK1  M APD) with 359 Mf lZ bandwidth performance was used as the
high speed coll~l~~~lllicaliol]s  detector. The detector was biased to achieve high rcsponsivity,  600 KV/W, at the operating
wavelength and had a noise equivalent power of 0.02 pW/~H z at the bias voltage. The dcicctor  was terminated into the
rccommcndcd  AC coupled 500 G? load, and cxccss electronic noise was minimized by mounting the detector vcv  C1OSC to
the Elantcc EL2072 bdTcr amplifier.

A Broadband Communications Products Model 50B bit sy]lchroniz.cr/clock  rccovcry unit, and a Broadband
Communications Producls  Model 200 scqucncc detector were used to make bit error rate mcasurcrncnts.  A tapped register
identical to that of the transmi[lcr  gave an error pulse when the incoming signal deviated from the cxpcctcd  patlcrn. The
error pulses produced in the bit error rate tester (BERT) were counted using a Philips PM6666 counter/timer. The BERT
displayed the number of errors dctcclcd  over a onc second interval, and the results were averaged over the mcasurcnlcnt
interval for each aperture sct[ing.



3. ANALYSIS AND EXPERIMENTAL RESUI ,TS

3.1 Calculation of crx2

The solution of the w’avc equation for propagation in a turbulent rncdium  is given in terms of random variable
analysis where means and variances dctinc the wave propagation characteristics. For log-amplitude variances ax2<0. 5 the
wave equation can bc approximated by the Rytov  solution to the scalar wave function 5 given by

U(r) = uo(r)e~~”~)

Where X=(ln A/Ao) and S arc the normalized log-amplitude and phase, rcspcctivcly,  and both X and S are normally
distributed. Exqxrimcntally  we measure the flux F over a collecting aperture of diamckx  D and dctcrminc  the intensity 1 {=
4FArD2=- UU*), its mean < UU*> and its variance 021. These quantities arc simply related 10 the log-amplitude variance
OX2, and the log-intcnsily  variance ~2/nI. A relationship that can be derived by s(arting  with the mean intensity

<lx.?” >=< UOU: ><C2X > 3.1
and using the properly of Gaussian mndom variables

<e”p >= c (a<p>t0.5(a2)<(  p--<p>)’>)

This gives
< C*2 >= e 2<X>+2<(X-  <~>)z>

and

< U(r)u’(r) >=< Uo(r)u:  (r) > e2(<2’+u~)  .

Atmospheric tulhulcncc  is non-d issapativc  and in the absence of absorption energy must bc con.served. Then
<UU* >=< UOU: >

i.e., <x>=+ 3.3

3.2

Wc measured the irradiancc  fluctuations through a collcciing  aperture of diameter D and calculate the normalized
intcn,sity  variance cr21flo given by:

~; = ( <1 2  ‘;-<~+. 3.4

E o

Where <MO>2=  1, and< (7/’.)2> = exp(4&2~,  then

3.5
10

and

CT; = cu~’ –1 3.6
<

Typical histograms of the log intensity distribution for data taken with the 4 cm and 28 cm apertures along with
the fit tcd log-normal distribution is shown in figure 3. In general wc obtained exccllcnt agrccmcnt  between the variances for
the fit and rneasurcmcnt  for the large apertures, but not as good agrcerncnt  for the small apertures. Since in both cases 10,000
data points were taken, wc bclicvc that the discrepancy at the small aperture setting is caused by detector noise. Table 1 gives
the normalimd irradiancc variances for the various apertures and exqxximcnt times.

Low signal-to-noise at the smaller apertures limited the nlininmtn  cffcctivc  rcccivcr  aperture to 4 cm. We
determined the log-arnplitudc  variance by first determining the irradiancc  variance for a zero diameter rcccivcr  from the y
intcrccpt  of the plot of 021/Io vs. the Frcsncl number (kD2/41.)  1’2 and then using cqn. [3.5] to calculate 0X

2. The plot is
shown in figure 4 where k= 2z/A is the wave number for the optical wave, and L= 4?. km is the lcngtb  of the propagation



path. Table 1 shows that the log-amplitude variance was 0.28 at midnight, 0.37 at 4:00 A.M. when it was cold and windy,
and 0.27 at 6:00 A.M.

3.2 Determination of Cn2

Local tcmpcraturc  and pressure fluctuations gcncratc  turbulence CCIIS rangi]lg  from millimeters (inner scale 10) to
meters (oulcr  scale l..)  that induce rcfraclivc  index variations along the beam path. The refract ivc index profile is defined by
the .Wuclurc  constant CH2(Z), where z is defined in different models as cilhcr  aliitudc  relative to sca level or height above the
ground It has been shown 6 that the log-amplitude variance in cqn. 13.5] can bc cxprcsscd in terms of the turbulence
spcclnrm as

~; ‘~2nK@x(K)dK. 3.7

Where K is the spatial frequency, and @x(K)  is the log-amplitude Wiener spcctmm. For a spherical wave propagating in a
t urbulcnce  spcct rum that obeys the Kohllogorov law., the Weiner spcchum is given by

3.8

Substilu[ing  cqn. [3.8]  in cqn. [3.7] wc get

O: = 4x2(0.033)k2 /“c~(z)d~~~in’[-–(‘2L2&+K+3dK 3 . 9
0 0

Exlcnding  the range of integration in cqn. [3.9] from the inertial subrangc 2tiI,o<K<  2Z\/o that defines the
Kolmogorov  spcckum  to the range O to ~adds a small contribut  ion. For K<<2n/l,o,  the intcgrand  in cqn. [3.9] is bounded
for all z and goes to zero as K4Z3 for small K, Thus the contribution to the integral is vanisllingly  small for 0< K<27r/Lo.
This is consistent wiih the expectation that the outer scale of turbulence contributes only to beam wander and not to
stint il]ation. For A’> >27r//o,  where 10 is on the order of millimeters, spatial frcqucncics  arc approximately 103 m-l and the
intcgrand decays as A‘-8’-3 so thai the contribution from extending the integral beyond 2rr710 is again vanishing]y  small.
integrating over K wc get

0; = 4n2(0.033)k2[—————  —
1:/6 (L – z)5/6 ~dz

Vi(l + ~j)r(!!)]~; C:(z) (-” @kzJ5/6
6

3.10
0

in our cxpcrimcnt  the terrain falls off rapidly at both the transmitter and rcccivcr  sites with most of the propagation
path high above the valley floor. Wc thcrcforc considered Cn2 a constant along ihc path, and took it outside the in(cgral  in
cqu. [3.10]. The integral thus rcduccs  to the Beta function B(r,s)  and the Iog-amplit udc variance is given by

= 0.124C:k7’61:1’6. 3.11
The log-amplitude variances calculated from the measured irradiancc  variances were used with cqn. [3.11] to

calculate Cn2 for the three cxpcrimcnt  runs. These results arc listed in I’able 1 along with the value of Cn2 calculated for a 2
km altitude using the AFGL CLEAR 1 Night  Modc16 for comparison. Our results show good agrccmcnt  with this model.

3.3 Apcrtu rc Averaging

lrradiancc variations, (fades and surges in the rcccivcd signal) can cause errors in the communications channel and
degrade the performance of the link. However these random fluctuations can bc averaged out by increasing the size of the
rccciving aperture. The apcrtnrc averaging factor “A”, is defined as the ratio of the intensity variance for an aperture “D” to
that for a point dctcc[or;  A= (021(f~)/021(0)).  Wc follow the dcvclopmcld  of Fricd7  and Churnsidc8 where “A” for a circular
aperture D has been given by:



~= 16 DC,(P)
+ +cos-’(  -g-) - fj {1 - (g)’ )’f’]pdp
nD2 o C,(0)

3.12

Where C](p) is the covariancc  function of the irradiance  for t~vo apcrtrrrcs  whose ccntcrs  arc displaced by a distance p. For
spherical wave propagating Q(p) is given by

2
c,(~) = (0.033)1 6n2k2Cf~~K-8’3dK  ~~sin2(~~-z~)J0  (Kp~)dz 3.13

for a Kohnogorov spectrum, and
K2(L - Z)z

C,(0) = (0.033)1 6z2k2cj~~~-8’3d~  J~’sin2{–———
2kL””-)dz

3.14

The aperture averaging factor is then given bys

A = 53,@16L-~~16

J J
K2(L–z)z1dzjo,-  ~-md~ ~sin’ (—

0 2kL
‘ COS-l (s) – s{1 – (S ) 2  )1’2]/o(~S~ ;)ds 3.15

Where JO(Ksz/l~)  is the zcroth  order Bessel func[ion.

Nrrmcrical  inlcgrat  ion of cqn. [3. 15] for different values of D gives the aperture averaging factor as a function of
diarnctcr.s This integration was not done. lnstcad wc used Churnsidc’s8  approximation to bound A. Scc figure 5. This
approximation is given by

k D2 7,6 .,
A =[1  +0.214(—~L) 1 3.16

We have measured “A”, at midnighl, 4:00 A. M., and 6:00 A.M. and the data SCIS throughout the night showed a
consistent patlcrn decreasing from 0.7 at the 4 cm aperture to 7X10-2 for the 28.7 cm aperture. These results are shown in
figure 5 where the measured A is plotlcd  as a function of the lircsncl  nunlbcr.

3.4 Bit Error Rate mcasurcrncnt

For a Gaussian whi(c noise channel the bit-error-rate for non cohcrcnt detection is given by9

BER = 0.5ea”5sNR 3.17
Where wc have assumed a Gaussian white noise channel.

Yura 10 has shown that the dcgradat ion in SNR duc to t urbulcncc can bc \vrit lcn as
SNR 1 —- 3.18
SNRO  =  (l+ AcT:, )

Where SN~ is the signal-to-noise ratio in the abscncc  of trrrbulcncc, A is the apc~lrrru  averaging factor and 0211,1 is the log-
in(cnsiiy  variance. The BER is thus given by:

SNR—.42. .

BER = 0.5e2(1+Auh’) 3.19

Bit error rate mcasurcmcnts  were made as dcscribcd  in Scctioll  2. The BERT sampled the data for onc second and
gcncralcd  an error whcncvcr the output signal deviated from the cxpcctcd paitcrn. I’cn to fifteen mcasurcrncnts  were made
over aboul  a 20 second interval, and the BER were rccordcd and averaged over the intcrva]  for each sclcctcd apcrlrrrc
diamclcr.

Table 2 gives the results for the midnight cxpcrinlcn( run. The dramatic incrcasc in the measured BER with
decreasing aperture sim shown in Table 2 is duc to the reduction in signal power with decreasing apcrtrrrcs,  and not the rcsrrlt
of turbulence. The cslimatcd  reduction in SNR duc to t rrrbulcncc fol the apcrlurcs of 28.7, 21.7 and 15.4 cm cffcctivc
diarnc(cr  is only 1 Yo, 3% and 15%, rcspccfivc]y.  However, there is a 2.5 dB dccrcasc in signal as the aperture is rcduccd



from 28.7 cm to 21.7 cm and an additional 2.7 dB as the aperture is furlhcr  rcduccd to 15.4 cm. Wc have used cqn. [3. 17]
to predict the BERs corresponding to these signal levels. These arc also given in Table 2.

4. CONCL1JS1ONS

Wc have measured the effects of atmospheric turbulence on opt ical communicant ions across a 42 km long horizontal
path. The rncasurcmcnts  were conduclcd  at night when turbulence is low. The results clearly showed a log-normal
distribution of the log irradiancc  for the larger apcrlurcs. The normali?.ed  irradiancc  variance, hence “A” decreased by an order
of magnitude as the collecting apcrlum  incrcascd  from 4 cni to 28.7 cm. This dccrcase  is much more rapid than predicted by
the Churnsidc  approximation. This discrepancy is first duc to the approximation. Churnsidc’s comparison of his
approximation with the exact numerical solution shows that the approximation is about a factor of 2 too large. Second, wc
bclicvc that since our log-amplitude variances indicate that our turbulence conditions were C1OSC to saturation, mixing among
turbulent eddies cffcctivcly  aperture averaged the scintillation effects.
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Normalimd  irmdiancc variances for the various aperture sires calculated from measured inadiance  fluctuations
at the three cxpcrimcn( runs. Also shown arc the corresponding calculated log-amplitude variances and Cn

2

Values.

—— .
Effcctivc Frcsncl  number Normaliwd
apcrhnc Irradiancc

diameter, cm Variance
12:00 4:00 A. M. 6:00 A.M.

28.7 1.93 0.139 0.28 0.155
21.7 1.46 0.254 0.441 0.213
15.4 1.03 0.695
9.33 0.662 0.77
7.02 0.471 1.08 1,72 0.576
4.08 0.274 1.43 2.43 1.44

02X 0.28 0.37 0.27
Calculated from 7.22E-17 9.26E-17 6.96E-17

Cn2 data
AFGL CLEAR
1 night Model

4.6E-17
. — .  — . .

Bit error rates, BER, measured for the three largest apcrlurc  sires during the midnight cxpcrimcn!al  run.
These arc compared with the BER* dcicrmincd  from the cxpcctcd  rcduclion  in SNR with  decreasing aperture
si7c.

Effcctivc  apcr(urc  diameter, m
—— .-

BER

-1

B] tR*
28.7 2.48E-6 (+5.27E-6  -2.48E-6)+
21.7 3.54E-5 (+/-6 .27E-6) 0.75E(-5
15.4 1.58E-2  (+/-8 .38E-3) 1.521{-2.——

‘The large standard dcvialion  in this data reflects the bursly channel in which measured BERs ranged from a
high of 10-5 to a low of 10-9 over the mcasurcmcnt  interval.
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intcl-ccp(  of the curves was used to dctcrminc  the log-amplihrdc  variance.
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Apcrlurc averaging factor vs Frcsnel number fol the three cxpcrimcn(al  runs. The aperture

averaging factor  calculated for a spherical wave using  the Churnsidc  approximation for large D is shown for

rcfcrcmc.
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